The nucleoid-associated protein H-NS is a global modulator of the expression of genes associated with adaptation to environmental changes. A variant of H-NS expressed in the R27 plasmid was previously shown to selectively modulate the expression of horizontally acquired genes, with minimal effects on core genes that are repressed by the chromosomal form of H-NS. Both H-NS proteins are formed by an oligomerization domain and a DNA-binding domain, which are connected by a linker that is highly flexible in the absence of DNA. We propose that interactions between the linker and DNA limit the flexibility of the connection between H-NS oligomerization and DNA binding and provide an allosteric 2 indirect readout mechanism to detect long-range distortions of DNA, thus enabling discrimination between core and horizontally acquired DNA.
Introduction
Genetic diversity originating from horizontal gene transfer (HGT) is a major contributor to evolution and responsible for the capacity of bacteria to colonize new environments, including human hosts. The acquired genes are retained when they confer an adaptive advantage in a certain niche; however, gene acquisition may bring about a fitness cost. 1, 2 Understanding the origin of the fitness cost of HGT may uncover strategies for fighting the acquisition of antibiotic resistance by gene transfer. One of the components of fitness cost is the integration of acquired genes in existing regulatory networks. 3, 4 This cost grows roughly with the square of the total number of genes (old and new) when they are regulated as a single pool. 5 However, when HGT and core genes are regulated independently, the fitness cost is significantly reduced.
Enterobacterial species have developed precisely this strategy through at least two independent mechanisms related to the H-NS protein. H-NS is an abundant nucleoidassociated protein that contributes to DNA compaction and acts as a global regulator of the expression of a large number of genes in Gram-negative bacteria. 6 Around 5% of the genes of Escherichia coli are modulated by H-NS. 7 H-NS also plays a key role in silencing externally acquired (xenogeneic) DNA, [8] [9] [10] [11] including the major virulence genes of pathogenic E. coli, Salmonella, Shigella and Yersinia, 11, 12 among others.
H-NS-like proteins are not encoded only in the bacterial chromosome. Several conjugative plasmids also encode H-NS homologues. Baños et al. demonstrated that chromosomal and plasmidic H-NS proteins have distinct functional properties. 13 The H-NS variant encoded in the IncHI plasmid R27 (H-NS R27 ) rescued the phenotype of a Salmonella mutant lacking chromosomal H-NS (H-NS C ) for HGT genes but had no effect on most of the core genes. Furthermore, they showed that the set of genes regulated by H-NS R27 coincided mostly with those that required a co-regulator of the Hha/YmoA family for proper silencing by H-NS C . The presence of two redundant mechanisms for the same function suggests that selective regulation of genes acquired through HGT confers a significant evolutionary advantage.
Here we describe a systematic study aiming to identify the key structural elements responsible for the distinct DNA binding and regulatory properties of Salmonella H-NS C and H-NS R27 .
Both H-NS proteins contain an oligomerization domain and a DNA-binding domain (DBD), which are separated by a linker that is highly flexible in the absence of DNA.
Two dimerization regions connected by a long α-helix form the oligomerization domain. The N-terminal region, including residues 1-47, forms stable dimers. 14 The second dimerization site includes residues 57-83 and was recently described by Arold et al. in the crystal structure of an oligomer formed by a construct including the first 83
residues of H-NS. 15 In the crystal structure, H-NS oligomers adopt a superhelical structure with individual H-NS molecules linked by alternating head-to-head and tail-totail dimers.
The structures of the H-NS DBDs of Salmonella and E. coli have been solved in the apo-form. 16, 17 The structures of the folded domains are very similar and are formed by a two stranded antiparallel β-sheet (residues 97-100 and 105-109 -residue numbers refer
to Salmonella H-NS-), a α-helical segment (residues 117-126) and a short 3 10 helix (residues 130-133).
A DNA complex of the DBD of Ler, a member of the H-NS family, has recently been described. 18 Analysis of the complex and an extensive series of Ler and H-NS mutants demonstrated that the isolated Ler and H-NS DBDs recognize specific distortions in the minor groove of DNA that deviate from the canonical B DNA form. 16, [18] [19] [20] Thus, the recognition of target DNA by individual H-NS molecules follows an indirect readout model. The affinity of the isolated DBD of Ler and H-NS was shown to be rather low.
However, DNA binding involves H-NS oligomers in which the cooperative binding of multiple DBDs increases affinity. 21 While the interaction of individual H-NS molecules involves short DNA stretches and is sensitive to local DNA distortions, the interaction between H-NS oligomers and DNA has the potential to sense DNA on a longer length scale. This sensing capacity thus enables the recognition of general features that could 4 allow the distinction between broad DNA classes that may be associated with core or HGT genes. We hypothesized that specific DNA recognition depends on the spatial arrangement of DBDs along the oligomer, constrained by the oligomer's structure, which should be compatible with the shape of the DNA region to which they bind.
Thus, allosteric interplay between oligomerization and DNA binding, potentially modulated by the linker region, may provide a mechanism for long-range indirect readout of broad DNA classes.
The distinct specificity of H-NS C and H-NS R27 provides an opportunity to test this hypothesis. With this in mind, we prepared chimeras combining domains from the two H-NS variants, measured their DNA binding characteristics, and compared them with the two natural H-NS forms. We further refined our analysis by zooming in on specific regions and exploring point mutations in the linker region shown to be a main locus for the differences observed between H-NS C and H-NS R27 .
Results

Protein chimeras combining H-NS C and H-NS R27
The amino acid sequences of H-NS C and H-NS R27 DNA binding was studied by Electrophoretic Mobility Shift Assays (EMSA) using a 540-bp fragment (proU 540 ) containing the regulatory region of the proU promoter. The interaction of proU, a representative core gene, with H-NS has been extensively 5 studied. 21, 22 In a previous transcriptomic analysis, proU was insensitive to H-NS R27 modulation. 6 mobility with a rather sharp transition between them. In contrast, H-NS R27 induced the appearance of a first band of similar mobility to the one observed with H-NS C ; however, as the protein concentration was increased, more than one band with decreasing mobility appeared but faded away at high concentrations, suggesting a variation in the DNA complexation pattern with respect to H-NS C .
Chimeras α and β, containing the linker region and C-terminal domain of H-NS C and H-NS R27 , respectively, showed distinct EMSA patterns. The pattern caused by chimera β (Old) was similar to that observed with H-NS R27 , with the characteristic smearing of the most retarded band as the protein concentration increased. In contrast, the EMSA pattern caused by chimera α (oLD) was more reminiscent of the one caused by H-NS C , with sharp bands for the second complex until 10 µM of protein.
As for H-NS R27, bands of intermediate mobility were also observed in this case.
A more striking result was observed when chimeras γ (OlD) and δ (oLd), in which only the linker regions were exchanged, were compared. The chimera containing only the linker region of H-NS R27 showed an EMSA pattern strongly reminiscent of H-NS R27 , in spite of the fact that 87% of the sequence is identical to that of H-NS C . Consistently, the chimera containing only the linker region from H-NS C showed a pattern with two welldefined retarded bands that appeared as the protein concentration increased, matching the one observed with H-NS C . However, the mobility of the two bands corresponding to DNA complexes with chimera δ was higher than those corresponding to the complexes with H-NS C .
These results show that the flexible linker connecting the oligomerization domain and DBD of H-NS proteins has a strong influence on the electrophoretic behavior of the DNA complexes formed by the protein and that the linker regions of H-NS C and H-NS R27 are not functionally equivalent.
NMR analysis of truncated constructs containing the C-terminal domain.
Previous reports 18, 23 The dissociation constant estimated from a titration of H-NS 87R with hilA 23 ( Supplementary Fig. 4 ) was ~2 µM, a value similar to those reported by several authors 16, 19 for the interactions between equivalent chromosomal H-NS constructs and several dsDNA sequences of similar length.
Two arginine residues, Arg 90 and Arg 93, in the 87-94 segment are highly conserved in the amino acid sequence of H-NS proteins. Arginine residues are often involved in electrostatic interactions with DNA. An arginine residue in the folded domains of Ler and H-NS was found to be essential for the recognition of minor groove distortions. 18 To evaluate the potential role of these residues in DNA binding, they were individually monomers, and that of NS R27 and chimera γ oligomers, is 6.0 units. As the nucleoprotein complexes containing oligomeric H-NS are not visible by NMR, we used EMSA experiments under identical conditions to those applied to study H-NS chimeras. (Fig. 4d) , thereby indicating that it has a substantially lower affinity for DNA than the wild-type protein or the other mutants studied.
For the mutants that showed similar EMSA patterns up to a protein concentration of 12 µM, we explored the retardation effects at concentrations up to 40 µM (Fig. 5) . Finally, at higher protein concentrations, the RAPR mutant resulted in the formation of high molecular weight complexes or aggregates, which failed to enter the gel.
Fig. 4. DNA binding by H-NS R27 -inspired linker mutants of full-length H-NS
Interestingly, high concentrations of wild-type H-NS R27 in the presence of proU 540 also resulted in the formation of complexes; however, these could not be characterized because they did not enter the gel (Supplementary Fig. 8 ). 
Discussion
The H-NS C protein, encoded in the main chromosome of Salmonella, is a general regulator of gene expression and shows broad specificity, including core as well as horizontally acquired genes. In contrast, the H-NS R27 variant, encoded in the R27 plasmid, shows selectivity for horizontally acquired genes in vivo.
The residues that are not conserved between H-NS C and H-NS R27 To differentiate between the DBD and the linker, we studied chimeras in which only the linker domain of one H-NS variant was introduced linking the oligomerization domain and DBD of the other form. These chimeras showed EMSA profiles characteristic of the variant contributing the linker domain (Fig. 1) . This striking result suggests that the linker is a major determinant of the distinct DNA binding specificity of H-NS C and H-NS R27 and strongly points to the interplay between H-NS oligomerization and DNA binding as a key contribution to the variations in selectivity observed between the two forms in vivo.
In order to experimentally decouple DNA binding and oligomerization, we used NMR to study truncated forms of H-NS C and H-NS R27 lacking the oligomerization domain but including the DBD as well as variable portions of the corresponding linker.
The bare DBD, including only the folded region starting at residue 95 without any residue from the linker, had a very low affinity for DNA (Fig. 2) . Although the DBD contains essential residues for DNA binding and the recognition of minor groove distortions that constitute the local recognition code, 18 the contribution of charged residues belonging to the linker residue, which is unstructured in the absence of DNA, is essential. A comparison of constructs including portions of the linker and the Cterminal structured domain showed that residues in the 87-94 region, and specifically, the conserved arginine residues at positions 90 and 93, contribute to efficient DNA binding by individual H-NS molecules.
The interaction of linker regions with DNA is expected to reduce DNA flexibility and have an effect on the connection between DNA binding and oligomerization. Therefore, we studied the effect of mutating residues in the 90-93 region of full-length H-NS C using EMSA.
The EMSA patterns observed for H-NS C at concentrations below 12 µM show two welldefined retarded bands. We hypothesize that while the first band probably corresponds to the formation of the initial H-NS-DNA complexes, involving the binding of only a small number of H-NS molecules, the second band observed at increasing H-NS concentrations reflects the transition to complexes involving large H-NS oligomers binding cooperatively to long DNA stretches. Additional discrete bands appearing at concentrations of H-NS C higher than 12 µM may correspond to distinct higher order structures involving larger H-NS C oligomers interacting with longer DNA stretches, although not necessarily continuous given the known capacity of H-NS to bridge DNA double helical segments. 25 The mutations of Arg 90 or Arg 93 to glycine in the linker region of H-NS increases the mobility of the band that first appears at lower protein concentrations (Fig. 3) . The lower retardation of this band parallels the lower binding affinity of these mutants determined by NMR in truncated mutants. This observation confirms that the stability of the complexes contributing to the first retarded band depends reflects the DNA affinity of individual H-NS molecules, as would be expected for small oligomers.
However, the complex contributing to the second band was apparently unaffected by the mutation of the two arginine residues in the linker. This band was observed at similar protein concentrations in the wild-type and mutated forms of H-NS, thereby suggesting that binding of large oligomers depends more on the optimization of the simultaneously interaction of multiple DBD (and adjacent linkers) with DNA than on their individual affinity for DNA.
Interestingly, the concentration at which the second band was observed was lower for the R90G mutant than for the wild-type protein, suggesting that the increased flexibility of the linker resulting from the lack of interaction between Arg 90 and DNA could even facilitate the simultaneous interaction of multiple H-NS molecules and compensate for the lower affinity of the individual molecules.
The sequence variations between H-NS C and H-NS R27 include non-conservative replacements in the two positions flanked by the conserved Arg 90 and Arg 93 residues.
Considering that these two residues interact with DNA, the intervening residues are also In contrast to wild-type H-NS C , the REPR mutant did not form higher order complexes above 12 µM (Fig. 5b) . Similarly, the REAR mutant showed only a slow decrease in mobility at increasing protein concentrations. This finding suggests that the formation of higher order complexes was also impaired with respect to the wild-type protein.
Also, in contrast to wild-type H-NS C , at concentrations above 12 µM the RAPR mutant caused the formation of DNA complexes that were too large to enter the gel, These may include long-range distortions of the DNA geometry along a continuous long segment or DNA geometries created by bridging distant segments.
According to this model, a reduction in linker flexibility will result in a restriction of the size and/or type of nucleoprotein complexes and an increase in selectivity (Fig. 6) .
While a flexible linker may provide the minimal selectivity observed for chromosomal H-NS, which can silence both core genes and those acquired through horizontal transfer, the more rigid linker found in H-NS R27 may restrict the efficient interactions of only a subset of genes associated with HGT elements.
It has been previously shown that isolated DBDs of H-NS and a related protein (Ler) bind DNA with low affinity and recognize local DNA distortions by an indirect readout mechanism. 18 Long-range cooperative binding by H-NS oligomers may provide a mechanism for sensing long-range DNA distortions, providing the next level of indirect readout with increased selectivity. While sequence variations affecting other regions of H-NS C and H-NS R27 may contribute to the distinct selectivity of the two variants, our results suggest that the capacity of the linker region to allow simultaneous interaction with DNA of multiple DBDs in a H-NS oligomer, provides an indirect readout mechanism of long DNA segments. This mechanism may be essential to differentiate between the two broad DNA families encoding core genes and horizontally acquired elements.
mM imidazole. Eluted fractions were further purified by size-exclusion chromatography on Superdex 75 in buffer B (20 mM sodium phosphate pH 7.5, 300 mM NaCl, 0.2 mM EDTA, 0.01% (w/v) NaN 3 ).
Protein chimeras were obtained following the same procedure described for H-NS R27 .
For chimeras containing a cysteine residue (β and γ), 15 mM β-mercaptoethanol and 1 mM TCEP (Tris(2-carboxyethyl)phosphine) was included in buffer A and buffer B, respectively.
Truncated H-NS C and H-NS R27 variants were expressed and purified as previously described for the C-terminal domain of E. coli H-NS. 18 Uniform 15 N-labelling was achieved by growing the bacteria in M9 minimal medium containing 15 NH 4 Cl as the sole nitrogen source.
NMR spectroscopy
All NMR spectra were acquired on a BrukerDMX-500 MHz, Bruker Avance 600 MHz Three dsDNA substrates were used in NMR experiments: hilA 23 The binding affinity of the interaction of H-NS 87R with hilA 23 was estimated by NMR titration experiments as previously described.
16
Electrophoretic Mobility Shift Assay (EMSA)
A 6-FAM TM labelled forward primer (biomers.net) was used to obtain the proU 540 fragment (proU -300 to +240) by PCR amplification, as previously described. 13 Binding reactions were performed by mixing 1 µg proU 540 , 2 µl of binding buffer (100 mM Tris-
22
HCl pH 7.5, 5 mM DTT, 100 mM MgCl 2 , 100 mM KCl, 100 mM NaCl, 50% glycerol), 1 µl of BSA (2 mg/ml) and varying protein concentrations. The NaCl concentration was adjusted to 150 mM (final concentration) with buffer B and the required volume of water was then added to bring the final volume to 20 µl.
Protein-DNA mixtures were incubated for 20 minutes at room temperature. Samples were resolved on 3.5% polyacrylamide gels in TAE buffer at 4 ºC at 100 V (~15 hours).
A 22 x 16.5-cm vertical electrophoresis cell (CBS Scientific, model ASG-250-02) was used.
The 6-FAM TM fluorophore (excitation max. = 494 nm, emission max. = 520 nm) was used for nucleic acid detection.
